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Abstract. It is shown that a mechanism of PBH formation from high-baryon bubbles
with log-normal mass spectrum naturally leads to the central mass of the PBH distri-
bution close to ten solar masses independently of the model details. This result is in good
agreement with observations.
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1 Introduction: PBHs from high-baryon bubbles
The notion that primordial black holes (PBHs) with an extended mass spectrum can abun-
dantly populate the contemporary universe becomes quite popular nowadays, since it has
been strongly supported by observations (see, e.g., [1, 2], and refs. [3, 4] for a review).
The extended PBH mass spectrum was suggested in 1993 in paper [5], where a new
mechanism of massive and supermassive PBH production was proposed. According to this
mechanism, the created PBHs have a log-normal mass spectrum:
dN
dM
= µ2 exp
[
−γ ln2
(
M
Mm
)]
, (1.1)
where γ is a dimensionless constant and the parameters µ and Mm have dimension of mass
or, what is the same, of inverse length (here the natural system of units with c = k = ~ = 1
is used).
The conventional mechanism of PBH formation, originally proposed in refs [6,
7], assumes that at the radiation dominated (RD) stage, the energy density fluc-
tuations δρ/ρ at the cosmological horizon may accidentally reach unity. One can
see that the piece of volume with such an excessive density turns out to be in-
side its own gravitational radius, so it decouples from the Hubble flow and a
black hole is created. Normally, it is believed that such PBHs have relatively
low masses and rather sharp mass spectrum, even close to delta-function.
In the model of ref. [5], elaborated in more detail in the subsequent paper [8],
the conditions for the PBH formation (but not PBHs themselves) could be cre-
ated at the inflationary stage. A simplified discussion of the essential features of
the scenario can be found in ref. [4]. The mechanism is based on the Affleck-Dine
model of baryogenesis [9]. According to this model, the baryon asymmetry is cre-
ated by the decay of a classical complex scalar field χ with quartic potential with
non-zero baryon number. This phenomenon is very similar to the appearance of
the well known Higgs condensate in electroweak theory.
Later, the field χ decayed into quarks, probably with baryonic number con-
servation, leading to the baryon asymmetry in the sector of massless quarks.
The natural value of the asymmetry, β = nB/nγ (weere nB and nγ is the number
density of baryons and CMB photons, respectively), may be close to unity, much
larger than the observed β ≈ 10−9. This required searching for a physical mech-
anism *preventing the creation of the classical field χ leading to a high baryon
asymmetry everywhere in the universe.
The basic idea of ref. [5] is to introduce an interaction of the field χ with
the inflaton field Φ. The effective mass squared, m2χ, of the field χ is positive at
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the onset of inflation and during some time interval before inflation had termi-
nated. However, when Φ is close to a certain value Φ0 the mass squared of χ
became negative, exactly as in the electroweak theory. During the period when
m2χ < 0, the former minimum of the potential at χ = 0 becomes unstable and χ
exponentially rises. The growth continues until m2χ changes the sign and χ starts
to return to the minimum of the potential and to rotate in the two-dimensional
complex plane of χ. This rotation generates the baryonic number density inside
the bubble which is related to the non-zero time-dependent phase θ of the field
χ according to
nχB = Ûθ |χ |2. (1.2)
Since the gate to large values of χ are open only for a short time, the
classical field χ reaches high values only in relatively small-size bubbles, where
baryon asymmetry could be close to unity, while the rest of the universe will
have the observed low baryon asymmetry. Without significant fine tuning, the
model parameters can be chosen such to ensure that the bubbles with high value
of β (and hence with large total baryonic number B) occupy a minor fraction of
space. We refer to such bubbles with high baryonic number as HBB.
So we arrive at the following picture. The bulk of the universe has the
low baryon asymmetry β ≈ 10−9 with relatively small but possibly astrophysically
large bubbles with huge B. Since the carriers of the baryonic number, quarks, in
the very early universe were massless, the density contrast between HBBs and
the bulk was negligibly small. These are the so-called isocurvature fluctuations
at very small scales. The duration of inflation after the HBB formation enables
creation of HBBs with a maximum mass of up to (104 − 105)M [1].
Such a situation persisted until the QCD phase transition (QCD PT) when
a condensate of the gluon field [10] with large negative vacuum-like energy, ρg ≈
−(300MeV)4, was formed. The value of ρg may differ roughly by an order of
magnitude for different ways of calculations. As a result of the QCD PT, quarks
turned into massive protons and neutrons. The energy released due to gluon
condensation was sufficient to secure a large mass, ∼ 1 GeV, to protons and
neutrons. At that stage, the density of HBBs became larger than the background
density, by the factor proportional to the magnitude of the baryon asymmetry
inside HBBs. For β = 1 it would be exactly the mass inside the horizon at the
QCD PT.
2 PBH masses at the QCD phase transition
The mechanism [5, 8] leads to a log-normal distribution of HBBs over their size at the moment
of their creation, close to the end of inflaioin but still at the inflationary stage. If the mass of
a HBB is larger than the mass inside the cosmological horizon at the QCD PT, MQCD, PBHs
with mass equal to MQCD or larger are produced with log-normal mass spectrum. PBHs with
smaller masses which might be possibly created by collapse of lighter HBBs would certainly
have different mass spectrum.
As described above, an essential feature of the model [5] is the creation of cosmologically
small but astrophysically large bubbles with a very high baryonic density which would seed
the PBH formation at the temperatures below TQCD. Prior to the QCD phase transition,
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the density perturbations were vanishingly small because of zero quark masses, and only
isocurvature perturbations at small scales were present.
The temperature of the QCD PT from the free quark to the confined hadron phase is
not well known. Is it thought to be TQCD ≈ 150 MeV for vanishing chemical potential of
quarks, µq, and can be somewhat lower for µq , 0, see e.g. the review [11]1.
After the QCD PT, a collection of massless quarks (m  T) with the energy per particle
equal to 3T is turned into massive nucleons (protons and neutrons) with masses approximately
1 GeV, much larger than TQCD. The matter becomes non-relativistic, so in about one Hubble
time δρ/ρ in an HBB reaches unity, a BH is formed, and the bubble decouples from the
Hubble flow.
Thus, starting from the QCD PT and later, the bubbles with masses equal to the mass
inside the horizon would turn into PBHs. At the RD cosmological stage, the mass inside
the horizon is Mhor = m2Plt, where the Planck mass is mPl = 2.2 × 10−5 g = 2 × 1043 s−1
= 1.22 × 1019 GeV and t is the age of the universe in seconds. Therefore, Mhor = (4.4 ×
1038 g)(t/[s]) = (2.2 × 105M)(t/[s]).
The age of the universe at the QCD PT can be determined from the expressions of the
cosmological energy density at the RD stage:
ρ =
3m2Pl
32pit2
=
pi2g∗
30
T4, (2.1)
where g∗ ≈ 40 is the number of relativistic species in the primordial plasma above and close
to TQCD. Correspondingly, we find
tT2 = 0.048(40/g∗)1/2 mPl (2.2)
and hence t/[s] ≈ 0.38(T/MeV)−2. The mass inside the horizon at the QCD PT is thus
MQCDhor ≈ 8M(100MeV/TQCD)2. (2.3)
3 Discussion and conclusion
The bubbles with radius equal to the cosmological horizon at QCD PT became
black holes with the mass equal to that inside the horizon. Larger BBHs, which
entered under the horizon later, could create massive and supermassive BHs,
with masses up to (105−104)M depending upon the model details. These massive
PBH could be the seeds for supermassive BHs in galaxies [1] and intermediate-
mass BHs in globular clusters [12].
The HBBs with masses smaller than MQCDhor ≈ m2Plrhor/2 would not produce black holes
but rather dense stellar-like objects with internal density close to that of neutron stars,
ρ ∼ T4QCD ∼ (100MeV)4 ≈ 3 × 1013 g/cm3 [13]. Let us assume that their radius at the moment
of QCD PT is a fraction < < 1 of the cosmological horizon, rHBB = <rhor. Then their mass
would be MHBB = <3MQCDhor ∼ <3r3hor. Correspondingly, their gravitational radius would be
smaller than their radius:
rg = 2MHBB/m2Pl ∼ <32MQCDhor /m2Pl = <3rhor < rHBB, (3.1)
1See also https://en.wikipedia.org/wiki/QCD matter
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so they do not collapse into BH at the QCD PT. Further destiny of such smaller HBBs is
interesting but unclear [13]. They may survive up to the present time as compact stars with
unusual chemical composition enriched by metals because the big bang nucleosynthesis inside
them proceeded with a very high baryon-to-photon ratio; they also may explode or collapse
to BHs with masses below MQCDhor (2.3).
In principle, such stellar-mass HBBs could have some impact on the standard
BBN in the bulk on the universe. However, it seems to be negligible, because
their mass density is assumed to be smaller than the observed density of dark
matter Ωm ∼ 0.3. It means that their relative contribution to the energy density
at QCD PT at z ∼ 1012 is not larger than 10−8 and less than 10−6 at BBN. On
the other hand, BBN inside HBBs would proceed quite differently due to a huge
value of the baryon asymmetry β ( which in the papers dedicated to BBN physics
is usually denoted as η). According to calculations in refs. [14–16], purely helium
HBBs or those enriched by heavy elements, possibly up to iron or even heavier,
may originate.
If the initial size of the bubbles with high baryonic number density was so large that they
reentered horizon after the QCD PT, then the PBH distribution in the contemporary universe
would be log-normal with the mid-mass Mm higher or equal to ∼ 10M. We cannot exclude
that Mm might be much higher than 10M, which could happen if the original distribution
over the bubble sizes has maximum at very large scales. More natural seems a log-normal
distribution of the initial bubbles with the mid-size smaller than the horizon at the future
QCD PT. In this case, we would expect to observe most of the PBHs with masses around
10M, possibly some PBHs with smaller masses, and plenty of massive PBHs in the tail of
the log-normal distribution (1.1) with Mm ∼ 10M.
Remarkably, the chirp mass distribution of the coalescing black holes ob-
served by LIGO/ Virgo interferometers can be well fitted by a log-normal mass
spectrum of the individual black holes with Mm ∼ 17M [17, 18]. Such a PBH mass
spectrum is compatible with other observations as well [1, 19]. In our opinion, it
is a strong argument supporting the PBH formation from high-baryon bubbles suggested in
ref. [5]. It is really striking that the value of Mm is independent on the unknown high-energy
details of the model [5] and is determined by the low-energy/temperature cosmology.
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